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TECHNICAL NOTE XO. 852

" EFFECTS OF RANGE OF STRESS AND OF SPECIAL NOTCHES
oy FATquE PROPERTIES OF ALUMINUM ALLOYS
SUITABLE FOR AIRPLANE PROPELLERS
By Thomas J. Dolan

SUMMARY

Laboratory tests were made to obtain information on
the load~resisting properties of X765-T aluminum alloy
when subjected to static, impact, and repeatéd loads.
Hesults are presented from static-load tests 6Ff Unnotched
specimens in tension and in torsion amd of notched speciw~
mens in tension. Charpy impact values obtained from bond
tests on notched specimons and tension impact values for
both notched and unnotched specimens tosted af soveTal
differont tomperatures arc includod. The cnduranéoe lime~
its obtainoed from ropoeatod bonding fatiguo tosts made
on threce different types of tosting machino are givon for
unnotched polished specimens, and the endurands Iimits of
notched specimens subjected to six different ranges of
bending stress are also reported, R R

The results indicated that: (a) polished rectangular
specimens had an endurance limit about 30 perceat less than
that obtained for round specimens; (b) a comparison of en~
durance limits obtained from tests on three different types

. 0f machine indicated that there was no apparent effect of
speed of testing on the endurance limit Ffor the range of
speeds used (1,750 to 13,000 rpm); (c) the fatigue strength
(endurance 1limit) of the X?65-T alloy was gireatly decressed
by the presence of a notch in tho specimpens; (d) no com-
plete fractures of the entire specimens occurTed in notched
fatlgue specimens when subjected to stress ¢¥clées for which
the mean stress at the notch during the cycle was a €ém= "~
pressive stress; for this test condition a microscopic.
cracking occurred near the root of the notch and was used

as a criterion of failure of the spedimen; (e) as the mean =~

stress at the notch was decreased from a tensile (+) stress
to . a compressive (-) stress, it was found that the alter~

nating stress that could ‘be supoerimposed on the moean stress
in the cycle without causing failure of the spécimens was
increased, - T -
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2 NACA Technical Note No. 852
INTRODUCTION

Although the fatligue strengths of most of the common-
ly used wrought aluminum alloys as determined by labor-
atory tests of polished specimens are fairly well known,
little information seems to be avallable on the relative
notch sensitivity of these alloys, especially for condi-
tions in which the stresses do not occur in completely re-
versed cycles., TFor applications of aluminum alloys in
service in a member such as a propeller blade, small
notches are often produced in the polished surface of the
blade by stones being thrown up in the backwash of the
propeller during a take-off or when taxying on the field.
These notches act as very demaging stress ralsers in the
member.

The observed stresses in airplane propeller blades S
have been found to vary over wide ranges in dlfferent o
portions of the blade but usually are stresses of the type :
that mlght be represented by a completely reversed alter- &
nating stress superimposed on a steady stress in which the
steady stress is usually a tensile stress that may bo el-
ther larger or smaller than the maximum magnltude of the 14
superinposed alternating stress. However, in soms casos .
the significant stresses in a member may occur at a sec-
tion for which the mean stress in the cycle 1ls a compres~
sive stress; hence, for design purposes, it is nscessary
to know what maximum alternating stresses may be superin-
posed on either tensile or comprossive mean stresses of ST
various magnitudes without causing failure of the notched
member,

The main purpose of the tests herein reported was to
determine the flexural fatigue strengths of notched specl-
mens of an aluminum alloy, designated X7?65-T, when subject-
ed to six different ranges of stress in ordinary labora~
tory fatigue tests and to compare these values with the
fatigue strengbthg of polished (unnotched) specimons with-
out abrupt change in section, Tho slloy X76S-T was thought .
to be well adapted for use in airplane propelloxr blades. ..
For miore conplete informatlon on the obther mechanlcal prop— )
orties of thils motal, tosts werc also made to obtain the B
ordinarily detorminced static and impact properties, 1%
is plannod to oxtend the program of tosts to includo tho
aluninum alloy 255-T, which is also a highestroength alloy
used for airplanc propocller blados. . . o e
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Tho tests horoin roportcd wore madoc in cooporation
wilth the Hamilton Standard Propellor Division of United
Aircraft Corporation, which company procurod the matorial
for tecst and machined most of tho speéimens. Funds wereo
suppliecd by tho National Advisory Committce for Aoronau—
tics to cover tho cost of making tho tosts.

MATERIAL AND METHODS OF TESTING

Zypes of tost.- Throc typos of tost woro mado on
X765~-T aluminum alloy to determine the ordinary mechanical
properties of the material as well as the fatigue strengths.
These tests may be outlined as follows:

1. Static tests were made of notched and unnotched
tensile specimens and of unnotched torsion specimens to de-
termine the strength, the stiffness, and the ductlllty of
the metal. The term "unnoiched" will be used throughout
this roport to designate spoecimens without an abrupt change

of soction in the portion under %test. . S

2e Impact tests wore made of notchod and unnotcheod
tensile specimens and of standard notched Charpy bonding
impact specimens, at ordinary room tempcraturcs and at low
temperaturces, to give some indication of the rolative ndétch
sonsitivity of tho matcrial under suddonly applicd loads.

3. Rcpoatod load (fatiguc) tosts woerc made in three
types of testing machino, namoly: (a) Eigh~speed rotab=
ing cantilever beam fatigue machines using (small) 0.140- )
inch~diameter round speciméns; (b) Xrouse rotafting canfi-
lever beam faigue machines using snecrmens 0.26 inch in
diameter; and (c) Krouse flat-plate fatlgue machfnes that
subjected both round and rectangular spec1mens to a vibra-
-tory bending action without rotating the t65u pI'ce. “Both
notched and unnotched specimens weré tested In thé vibra—
tory bending and the Xrouse cantilGver bsanm fatigue ma-
chines; whereas the high-speed rouatlng'beam nachines have
been used only to determine the endurance 11mits of'pailshed
specimens., S -

4, Haterialgand test snecimens.~ The sluminum alloy

X765-T, The chomical composition of this alloy is as fol~
lows: -—
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. Percent ,
Copper 0.6
Zine 7.6
Magnesiun 1.6
Hanganese S
Titaniunm .1
Iron 5
Silicon .25
Aluminum balance

All specimens tested were from the same heat of mebal
thaet was reduced, by the latest methods of processing, to -
bars 1 inch square, which were subsequently swaged ln a .
palr of swagling dieg to 1 inch dismeter round. The bars
were then glven a solution and procipitation’ hardoening
heat troatment by holding for 10 hours at 8g0° ¥, quonche .
ing in water, and aglng for 12 hours at 375" P,

Tho details of tho spocimens uscd Ffor the ordinary
statlc tonsile tosts %o dotormine tho phyelcdal properties
of tho unnotched spocimens arc shown in figuro 1(a), and
tho typo of notchod spocimon uscd in_the statlc tonsilo
test is shown in figuwre 1(b). Three specimens of esach of—
these two types wers tested in an Amsler hydrgulic univer-
sal testing machine having a capacity of 50,000 pounds. -
Additional tests were also made on tensile specilmens hav—
ing the same nominal dlameter as that in figure 1(a) dut
having an over-all length of about 9% inches so that a 6—
inch gage length could be employed. The original bars as
received were too short to allow the machlning of a satls-
factory specimen of the more standard 8~inch gage length,
and 1t was deemed desirable to tosgt specimons with a e
longer gage length to obtailn a more. mccurate value for mod~
ulus of olasticity of the alloy.

In fignre 1(c) is shown the type of specimon usod to
dotermino tho statlc torsional proportios of tho matori-
al. The tonsion impact specimon shown in figuroc 2(a) was
polished with ¥o. 00 cmory papor and tho diamotor of tho
speeinon noar tho conftor was roduced adbout 0,005 inch loss
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than at the ends to insure breaking in the 2-inch gage
lengths. : : ' T
The notched tensile impact spocimon shown in figure
2(b) containod a notch machined with a carefully grfoumd
tool that was choecked for accuracy of shape by examining
in'a Yetallurgical microscope at 100X, This notchéd imw-
pact specimon was geometrically similar to that of the
notched "static temsile spécimon in figure 1(b). The
notchod bending spccimen uscd was the standard Charpy im-
pact specimen of tho dimensions shown in figure B(c?.

The types of spocimen used in the rotating-boam fa-
tigue machines are shown in figurc 3 and those tested in
the vibratory bending fatigue machincs are shown in fig-
ure 4, The gpoecimens without abrupt change o6f soctlon
(3(a), 3(v), 4(a), 4(b)} wero all polished longitudinally
with No, 00 emery papor and oil %o remove tool marks and
circumforential scratches before testing. All these spec—
imens were polished by one man to assure uniformity in
the polishing operations. The notched specimens_(B(c)
cand 4(c) were cut with carefully ground tools to assure
uniformity in depth, angle of the V-notch, and radius at
the roo% of the notch on all specimens tested. Three
faces of the notched specimen in figure 4(c) were polished
longitudinally; the root of the notch anl the face con-
taining the notch were left in the original machined con-

dition. : _ : . L S D
- The nominal stress in all fatigue specimens was cal-
culated by using the ordinary flexure formula, s = Mc/I,

in which s  is the flexural unit stress (1b/sq in.), H

is the bending moment at the critical test section (in.-11),
c is half the depth of the specimen (in.), and I is the
moment of inertia of the net cross-sectional area (in. ).
For the spocimens containing notches, the values of sitress
glven in this report zre those at the root of the notch
computed by the faregoing formula using tae values of a.°
and I for the minimum cross-—soectional area. - =

The tests of robtating-beanm fatigue specimens wero
mado in. two Krouse, 120 inch-pound capacity, cantilever
machines of the type shown in Tfigure 5, which wore opor-
ated at 6000 rpm. Also omploycd were thrce small high--
spced cantilevor beam machines of the type shown in fig-
ure 6 that were run at 13,000 rpsn, - R

The vibrdtory bending fatigue tests were nade in six
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Krouse flat~plate fatigué¢ machines of the type shown in fig-
ure 7, In the operation of those machinos tho spocimon is
clampod in tho vise V ‘with tho clamp ¢ and the pin P
romoved., Dcad weights required to produce the desired
stresscs are then- suspended from the beam at P, and tho
"deflectlions of the beam are read on the dial D,  The

clamp ©C and the pin P are thon replacecd; the occontric
cam E is adjusted to give tho dosgired altornating part

of the load: and the visc is adjusted by moving vortical-
ly with the adjusting nuts N to produce tho roquirod
supcrimposod stoady part of tho load, The final adjustment
1s obtained and the motor is started after the maximum and
minimum readings of the dial D correspond to those ob—
tained by using dead weilghts. During a test this calibra-
tion for stress was periodically repeated to prevent change
of stress due to wear or loosening of grips, bdbut usually
only small adjustments were found necessary during the
progress of the tests.

RESULTS OF TESTS

Static tegts.~ Lower portions of the tensils stress-—
straln curves for three unnotched specimens of X765-T alu-
minum alloy are shown in figure 8, and a typlcal complote
stress~strain dlagram is shown in flgurc 9. The rosults
of these throe static tonslle tests on a 2-inch gage lecngth
and thrce tests on a 6~inch gage longth are tabulated in
table I, The tensgile tests were carried out in accordance
with reference 1, It wasg at first suspected that perhaps
the exceptionally high ratio of yield strength to ultimate
strength (see last column of table I) may have been due %o
a cold working of the metal subsequent to the axiginal heat
treatment., However, several baxrs of the allcy were givon
A heat troatment to remove any effects of cold working,
and the average rosults of soveoral tonrsile tosts on theoso
troatcd bars gave valuos almost idontical with thoso for
tho spocimons listod in tabdlc I. Tho hoat troatmont-—con-
gsligted of hoating 4 hours at 600° F and cooling in tho
furnace, hoating 10 houre at g60° F, guonching in watecr,
and aging 12 hours at 260° F.

Tho avorage valuc of modulus of clasticity for all
tcnsilo spccimons testod was adbout 9,700,000 pounds por
squarc inch, This valuc may bo somcwhat too low, howovor,
sinco the 2~inch gago leongths used on somc of tho spoci-
mons arc too short to obtain accurate rosults. 4 moro ac-—
curate valuc would porhaps bo obtainod by using the avor-
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age value 9,790,000 pounds per sguare inch for the three
specimens tested on a 6—inch gage length. .

The Brinell hardness of the X76S-T alloy tested averw
aged about 146 (using 500 kg load and 10 mm ball). This
value is much higher than the hardness of thé other pre=
cipitation hardening aluminum alloys, which usually range
from about 100 to 130 in Brinell hardness. ' -

- A

R —

The greater portions of the tensile stress—strain
curves for nobtched specimens aré shown in figure 10, and
the results of these three individual tests are listed in
table II, A set of average values obtained from preVious
tensile tests of notched specimens of a structural Steel
are shown in the last column of table "IT for comparison
with the values obtained for X76S-T alloy. It will be
noted that the relative ratios of strongths Obtainocd for
cach material arc of approximately the same magnifude ox=’
copt for the higher ratio of yiocld strength to ultimate
strength exhibited by the sluminum alloy. The introduc-"
tion of a notch in specimens of the aluminum alloy also
caused a much greater proportionate loss in percentage
elongation than did a notch (of sharper radius) in specl~
mens of structural steel. T

Static torsion tests were made of three solid speci-
mens (of the type shown in fig. 1(c¢)) and the lower Por—=—
tions of the torque-angle of twist curves for thess tests
are shown in figure 11, The instrument used in these
tests did not have sufficient travel to conbtinue readings
to relatively high anglecs of btwist and therefore it was
impossible to detormine the yield strengths of thesc sple-
imens for very large amounts of offsoct. Hence tho yield
strengths have been determined for 0.05 percent offset.
and these values, together with the other commonly deter-
mined physical strength properties of the specimens tested
in torsion, arc listed in table III. For comparison with
these values tho yield strengths of'the SPGC1mons tested
in static tension wero also determincd Tor 0,05 poercont
offsct as well as for the moroe commonly uscd valuc of 042
porcont offsot, It will bo obsoerved from the data shown
in %ables I and III that this motal has vory high yiold
strengths in counparison with its ultimate tonsilo strcngth
or torsional modulus of rupturo and that tho numorical
value of the ultimate tensile strength of this material is
somewhat higher thsn is usually obtailned for heat-treated
specimens of most of the commonly ‘used wrought- aluminum
alloys. .
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Impact tests.- The fengile impact tests were made in a
standard Charpy machine having a capacity of 223 footw
pounds by euploying special auxiliary specimen grips cone-
taining spherical seats that wore designed to minimize
bending or eccentric loading on the specimen durlang test,
Tonsilec lmpact tests were made both at room temperasture
71° P and at a low temperature (-40° F) since it was felk
that any change in properties of the metal which womld be
induced by low temperatures would be of 1lmportance.

Cooling of the specimen bto—the low temperature was
accomplishod by immersing tho pendulum, the tost spoclmon,
and the attached holdors in a bath of acetono containcd in
a special insulated box, Tho cntirc bath was cooled Dy
adding dry icc until the desirecd tomporaturc was obtalnod
and tho bPath was thon masintained at this tomporaturo for
at least 5 minutos beforoc tosting the spocimen, Provious
calibration tests in which roadings woroc taken on sovoral
thormocouples attached to a specimon indicated that this
intorval of time was sufficicnt for thesc small spocimons
to roach a uniform tomporature cqual to that of tho bath.
In the porformance of tho actual tost of tho spocimon only
about a 4~second time interval elapsed batween the removal
of the box containing the coolant and the actuwal fractur-
ing of the specimen; hence it—was felt that ths tempera-
ture of the specimen did not change appreciably while test-
ing since it was surrounded by relatively heavy masses of
metal cooled to the same temperature as the bath.

The test data showing the ensrgy required to rupture
each spécimen tested and the average values obtained for
oach group of gpecimens are shown in tablo Ig for the testae
at 71° F and in table V for the tests at ~40-F, For pur-
poses of comparison one may regard the cncrgy roguired—to
rupture the unnotched specimens (column 3) as indicativo of—
the ilmpact strength, and the percontagoe of elongatlon and
reduction of arca (columns 6 and 9) as measures of the
ductility of the matorial under thosc conditions of tost-
ing. A comparison of tho valuos obtainod for notchoed spoc-
imens with those for.unnotchod spocimons (scc columns 5 and
8) glvos a rough moasurc of tho noteh scnsitivity of the
mecbal undor rapld loading; it should be notod, howovor,
that the notchod spocimons of X765-T alloy had a smallor
mininum diametor than the unnotched speccimons and honco
would be ocxpectod to havo e somowhat smaller strongth.

For a rough coﬁparison with the valuecs for X76S5-T
alloy lieted in tablo IV, thorc is izcluded a sot of data
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on ordinary structural steel tested under similar condi-
tions. If allowance is made for the fact that the un-
notched steel specimens were somewhat smaller in diamefer
than those for the X768-T alloy, it may be seen that the
steel required. considerably more energy to rupture than
did the aluminum~alloy specimens though the rélative ratio
of energy absorbed by the notched specimens as comparsd
with that for the unnotched specimens (listed in column 5)
would probably be about the same for these two metals if
the snme size specimens had been used.

The average energy absorbod by all specimens testod
at =40° T (sec column 3 of table V) is.bolow that for tho
spocimons tested at 71° F; howover, the first two speci-
mens in column 3 show an abnormally low value of cnorgy
absorption probably caused by thoir breaking at the cnd
of the goge length. If theose two spdeimcans aré olMittced
from the avorage, this valuo becomes slightly groater
than the avoeragoe obtainod for tho spocimoens toestod at
room btcmperaturc, A comparison of the average valuocs
listed in tablos IV and V thoroforoc leads to. the conclu-

sion thot theo aluminum alloy exhibitod practically the samo

strength, ductility, and notch sensitivity in the tensile
impoct tests at «40° F ag it did at room temperature.

The results of a series of notched bar Charpy bending
tests at temperatures ranging from 72° F 0 ~70° F are
shown in table VI, Here again the X765-T alloy exhibited
practically the same energy-absorbing capacity at low fem-
peratures as it did at room temperatures, There was a
slight%y greater energy absorption by the specimens tested
ot «40° F than for the other temperatures of the test, Dbut
no significant decrense in reosistance to the suddenly ap-
plicd load was obtailned as the temperaturc was droppod
ovor the 142° ¥ range below room bHemperature,

Ropeated lood tosts for complotely reverséd bending.-
The results of the rotating-beam fatigue .tests of unnotched
specimens of the X76S8-T alloy are shown in the “8-N curves
of figure 12 on which are plotted the data_ obtained from
tests on two different types of nachine, ~ These tesks were
made at two different rates of stressing, namely 13,000
and 6,000 completely reversed cycles of stress per mlnuﬁa
For comparison with these values figure 13 shows the re-—
sults of tests in the vidbratory bending-fatigue machines’
of round, sguare, and rectangular specimens that were §0b—
Jected to 1,750 completely reversed cycles of stress per
minute. The "square' specimens tested were of the same
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general contour and dimensions as the "round"” epocimon:
shown in figurc 4(b) except that the reduccd portion was
milled flat on four sides with a 3-~inch radius cubtter
leaving tho tost soctlion sgquare in cross section, Tho on-
durance llmits of these two groups of wnnobtchod polishcd
specimons havo boen scaled as tho ordinatos tv thoe S-W
curves at on¢ million, ten million, and onc hundrod mil-
lion complotoly roveorsed cycles of strcss and are listod
In ¥able VII,

The vibratory bonding tcsts have boon carricd out to
100 million cyclos of stress and it is folt that tho on-
durance limits basod on 500 million cyclos of stross would
be only slightly smallor than thoso listed in the last col-
unn of tablo VII; tho data shown in figuro 12 indicato
that tho S-N curves flatten out, tending to approach a hor-
izontal asymptoto with only a small diffcrcence ian tho or-
dinatcs to tho curve at 100 or B0O million cyclos of
stross, JFilgurc 14 is a photograph of tho tost scctlons of
the four typos of spceimon tested in the vibratory bending
machinocs and shows tho fatiguc fracturcs obtalnod as well
as the relatlve shapes of the specimens.

It will be observed that the endurance limits tadbulat-
ed for the square and for the rectangular specimens in ta-
ble VII are considerably lower than the values obtained for
round specimens in sither the rotating-beam or the vibra-
tory bending-fatligue machines. It is felt that thlis im- |
- portant difference may be mainly attributed to the offects
of the wshape of the cross section on the strength of the
momber and that it is not caused by faulty characteristics
of macinines or varilations in the specd of testing. ¥o com-
plote explanation for this variatlion in endurance limit
botwoen round and roctangular spocimcns 1s kunown at the
prescnt timec, but it socms probable that tho following
five factors may possibly lcad te variatlions ia thoe fa-

- tiguc-strongth obtained for different typces ¢f spocimon,

l. Variations in tho amount and diroction of the
cold working and of the residual stresses developed in the
surface filbers by differences in the machining operations
used in shaping the specinmen.

2s Plfferences in the amount of material in the spec-
imen that is '‘subjected to the maximum or peak stress atb
any one instant and the relative steepness of the straas
gradient in the region of thils peak stress.
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3, "Varlations of stress across.the width of the
bean,. This variation may be occasioned by the wide bean
acting as a slab subjected to a three-~dimensional stress.
system or may be caused by locallized concontrations of
stress at the sharp outward projecting corners vhere a

slight roughness of the polished c&ges would lead to a nro—”'

maturc fatiguo fracture.

4, TYFaulty alinemont of machines that would produco
additional streosses of varying amounts depending upon uhO
shape and sizo of specimen tcsted.

5, TVariations in proportios of tho metal botweon the
center and outside surface of the original bar stock from

which snocimcns wero cub. -

It was found that most of the fatigue fractures in
the rectangular specimens started at the corners, which
indicates that item 3 or item 5 may have been most inpor-
tant in ceausing the rectangular gpecimens to appear %o
have a lower fatigue strength, Itom 4 probadbly was not of
importance in these tests because the oaly faulty alinc-
ments that could exist would produco either a small tor-
sional twisting of the specimen or an unsymnoctrical bend-
ing in which the plane of the appliod loading made sone
snall angle with the longitudinal plane of symmetry of the
specincn, If a twisting of tho specimen existed, thoro
would bo developcd shearing stresscs oh the- cross'soction
that roach a naximum value at the ceatoer of the long face
of the roctangular spocimen and arc zoro at the cornors
whore most of tho falluros startod. Sinileriy, a sinplo
cornputatlion showed that the planc of loading would have
to vary from tho assuncd plano in which"the loads wecrd
supposcdly applicd by 10° to producc only about a 5-percent
incrcasce in strosg duc to unsynmeitrical bonding of tho wide
roctangular spocincns, and oven this angularity was nuch
grocater than that: which oxistcd in tho rachinos.

A conputatlon to dectorninoc possiblec inecreoasos of.
stress duc to incrtia offocts of the oscillating specinch
indicatod that this cffoct addod loss than about 2 per-
cent to the maxinun stross and would not bo npprecciably
different for thec round as conpareod with the . roctangular
specinens,. OConscquently, sinco the ondurance linit of the
roctangular spccinons was about 30 percont lcdsg than that
of the round spocinocas tested in the sare nachines, it is
not probablc that snall irrcgularitics in tho fatiguc-
testing nmachines could have accoéuntod for this gréat dif-
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ference, especlally since the specimens tested for any one
endurance limit were used interchangeably on six different
machines of the same btype.

In the lgwer portion of. figure 13 s plotted the 5-N
curve for the rectangular specimens with a V-notch testod
under completely reversed cycles of flexural stress. Tho
great rcduction of strength of the specimens causod by the
introductiorn of the notch is gquite apparent by the diffor-
enco in ordinates to the curvos shown in thig figure. Tho
ordinatcs weroe scaled at 100 million cyclos of stross; tho
valucs of the ondurancce limits were thus obtained as 16,500
pounds per squarée inch for the rectangular unnotched spec-—
imens and only about 7,500 pounds per sguare inch for the
notched specimens. By the use of the ratio of these two
endurance limitsg as a measure of the factor of stress con-
centratlon k caused by the notch, a valuoc of k = 2,20
is found, If thils calculatlion is tased on the endursnce
1imit of the round spocimens (24,000 1b/sqg in.) a valuc of
k = 3,20 1s obtained.

In figure 15 is shown the B8-K curvoe for rotating-
beam specimons containing a V-notch similar to that used
in the wibratory bernding spocimens. In this case the on-
duranco limit at 100 million cycles of stross ls about
9,000 pounds por squarc inch (slightly highor than for tho
vibratory bonding tosts), and giving a valuc of k = 2,44
whon comparcd with tho cnduranco limit of 22,000 pounds
per squaro inch for tho unnotchod spocimons tested in tho
samo machino, '

Effects of range of gtress on endurance limits of
notched specimens.- In order to. .study the effect of range

of stress on the endurance limit of specimens with a V-
notch, tests wore made in the vibvratory bending nachines
with spocimonsg subjcctod to a mean or steady stross on
which was supcrimposed a complotely roversod altornating
stross. ©Six difforant ondurance limits wero detormincd
corrcsponding to throe difforent ranges in which tho moan
stross at tho root of the notch was a tensile atrose, two
ranges in which the mean  stress was a compresslve stress,
and one range in which the pean stress was zero {completely
reversed stress cycle).

The S-N curves for stress cycles 1in which the mean
gtress at the notch was a tensile stress are shown in
figure 16, and the S~N curve for the completely reversed
stress cycle is shown in the lower portvion of figure 13,
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The endurance limits for these four stress cycles have been
obtained by scaling the ordinates to the ©S-N curves at
100 million cycles of stress and these values are showf in
table VIII. '

For the two ranges in which the msean or steady stress
et the notch was a comprosbslve stress, -the speclimens de-
veloped cracks at the root of the notch but did not com-
pletely fracture even though subjected to a large nunber of
cycles of superimposcd alternating stress with a total
range (double amplitude) of as much as 30,000 pounds per
square inch., Photographs of some of theso cf¥acks showihg
views looking down into the notch arec presented in figure
17, and views of cracke in the side face of the speclmens
2t tho notch are shown in figure 18, The small dark areas
in these figures aroc roglons whoro small pieces of motal
have cracked out and spalled off, but this spalling oc-
currcd only for specimens tosted at rolatively high stross-~
cs, JFor spocimeons tostod at lower sbtreosscs the cracks
formed were very small and could not be seen without the
aid of a low-power microscope. Hence the fatligue test
data could not be interpreted in the usual manner by plot-
ting S-N diasgrams, and no definite indications of fail-
ure of a specimen were evident except for the microscopilc
cracking at the notch; it was also difficult to determine
with any accuracy the number of cycles of stress rsguired
to start the formation of cracking. Consequently, it was
decided to assume arbitrarily that cracks which could be
seen with a 40X microscope constituted fallure of a spec-
inmen, The endurance limits were obtained by testling
groups of about eight specimens at different stresses usu-
ally varying by 1000- -pounds-~per-square-inch increments
and detormining the maximum stresscs that could be repeat-
ed 100 million times without causing a cracking at the .
notch that would be. visible with the 40X microscope, The
values of endurance limit determinocd in this manner for the
two compressive stress_cycios are listed in table VIII.

The offect of tho range of stress on the ondurance
linits of the V-notch spocimens is illustratod in the
Goodman-type diagram of filgure 19 on which are plottced the
data of table VIII., On this diagram thoe ordinatos Topro-
scnt the minimum stress (Spin) and the maximum stross
(Snax) of tho stross cycle and the abscissas raprosont tho
corrosponding mcan stross (algobraic avoragé of Spin and
smax) For any gilvon nmean stross TR algcﬁraic dif eronco

between Spgy and Spy3p Trepresents the total range or_
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double amplitude of the superimposed alternating stress that
will cause faillure after approximately 100 million cycles
of stress.

It will be obgerved that, as the algebraic value of
the mean sbtress in the cycle was decreased from a large
tensile (+) stress to zero and thence to a compressive (-)
stress, an appreclable increase occurred in the tetal,al-
ternating range of stress required to cause fallure.

This result is shown more definitely by the curve in fig-
ure 20 in which tho ordinates indicate the total alter-
nating stress range (Spgax = Spin) and the abscissas rop~
resent tho corresponding mean stress in cach style.

Uonsidering these data and the fact that no fractures
occurred in the specimons testcd with compressivo mean
strosses at the notch, it is cvident that this aluninum
alloy can withstand considerably greater magnitudes of su-
perimposed alternating stresses when the mean stress 1is
decreased from a tensile to a compresslive. stross.

DISCUSSION OF RESULTS

Onc of the most striking results of the tosts 1s the
fact that carefully polished roctangular spocinens of the
X765~T alloy oxhibited an endurance linit about 30 poercont
loss than the. valucs obtaincd fron polighed round spccl-
mens tested in throe diffeoront typos of nachino: Somovhat
gimilar results also indicating that the shapo of cross
scction of a tost spocinon affocts its fatlguo strongtn
were recently indicetcd in data inecludod in roferonco 2.
In this report specimons of roctangular cross scctlon gavo
valuos of floxural fatiguc-ondurancc limits of two stcols
that rangod from O to 11,000 pounds por squaro inch lowor
than thosc obtainod from spoclnens of clircular cross scc—
tion, Thosc differoncos worec notod whoen comparing the ro-
sultes of four individual tosts of thoe sano two billets of
stool,

Porhaps ono rocascn for tho apparont woaknoss of tho
roctangular spoecimens is tho fact that tho sharp outward
projececting cornors arc inhorontly woak bocaugo thoy aro
difficult to polish without loaving ninutc cross scratchos
or fcathorod edgos that offor convonlont nuclol from which
a fatiguo fracturc may roadily start. Tho data obtaincd
from the tosts of unnotched roctangular spocinons showed
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considerably norec scattor whon plottod on the S-N curve
of flgure 13 than did the test results for the other types
of specimen, Perhaps this result may have been caused by
slight variatlons in the roughness of the sharp projeching
corners since most of the rectangular specimens failled
with a fracture starting at 2 corner,

In order to test thls hypothesis three rectangular
speclmens were modified Py rounding off the corners to a
radius of approximately one-sixteenth inch and polishing
carefully in a longitudinal direction. One specimen was
then tested in completely reversed bending at a stress of
22,000 pounds per squars inch and ran more than 100 mil-
lion cycles. of stress without fracture. 4 comparison of
thie specimen wlth the data plotted for the rectangular
unnotched specimens in figure 13 shows that a ¢omdliderable
increase of life was obtained by rouhding ‘off the corasTs.-

The other two specimens were tested at 25,000 and
26,000 pounds per squarc inch and failed at about 300,000
cyclcs of stress, whlch was slightly short of the normal_
S-N curve for the roctangular specimens. This scatter of
data for all rectangular specimnens tosted indicates that
therc may have beoon somc mechanical dofocts {such as in-
clusions or residual strosscs) ncar the surface of tho orig-
inal bar stock that had a2 tondency to docreasec the fatlguo
strength of the (largor) roctangular spocimons.

A comparison of the enduranco limits of the round
specimens (last column, table VII) indicates little or no
cffect of spcod of tosting within tho range of spceds
(from 1,750 to 13,000 rpm) uscd in tho tosts, Tho diffor-
cncc in numerical valuos of tho cnduranco limits may bo
accountoed for by emall difforeoncos in the bohavior of the
thrcece typos of testing machince and by slight varlations
in difforcnt bars of tho same metal; however, thore is alw
ways a posslblility that a slight change in onduranco 1limit
of tho mctal that night rosult from a changt¢ in spoed of
$csting may have boon offsct by a changc in charactorls—
tlcs of ono of the tosting machlnos.

It 18 Ynportant to note that the alloy X76S~T is much
stronger in statlc tonsion'and has a highor floxural fao-
tiguo strongth than tho othor commonly uscd aluminum al-
loys., Howover, the alloy. . oxhibltod a fairly high notech
sonsitlvity as dotormincd by the reduction of fatiguc
strongth of notchod spocimons bolow that of the polishod
unnotchod spocimone. Whon subjoctocd to a serv¥ice condition



16 NACA Tochnlcal Hote ¥o. 852

such as that in an airplanc propeller, whoro tho faco of
tho blado 18 often scratched or notched by stones thrown
up during a take-off, the fatlgue strength of the metal in
a notched condition is of primary importance. It is qulte
possible that notched specimens of some of the other alumi-
num alloys may exhiblt fatigue strepgths comparable witn
those obtained for notched specimens of X7658-T alloy even
though the X76S-T alloy appears to have a consgiderably
higher fatigue strength when a comparison is made on the
bagis of results obtained from polished unnctched spoci-
mens., It is planned to repeat thils series of tests with
the zluminum alloy 255-~T so that a closor comparison of
their relative notech sensitivity and the rclative effoct
of rangec of stress on notched spcetilimens can be obtainod,.

In general, the rcesults of the fatiguc toests with
notched specimens indicated that tho motal could withstand
a groater alternating stress range without tho formation
of fatlguc cracks whon the mean stroses in the cyclo was
changed from a tensile tv & compressive stress, In addi-
tion, the fatigue cracks developed at the root of a notch
did not spread rapidly when the ifsan stress wasg coOopres-—
sive and no complete fractures of the  specinens were ob-
tained even when stresses somewhat above those required to
produce cracking were repeated 100 million tines., Thus,
if a notched member werec designed to operate with the nean
stress (at the notch) a conpressive stress - an additional
factor of safety against complete fracturse - would existy
any fatigue cracking at the noteh could prodadbly bo de-
tected by periodical inspections leong before tho cracking
had developed to a dangerous cextont.

For example, 1f tlho arcas of a propellor blado that
are most likoly to be nickod or scratchod in service could
be dosigned to oporatc with a compressive nean stross on
which 1s suporinposed the flexural vibrations thot normally
oceur in flight, it 1s probable that tho blado would offor
grontor reosistonco to the formation of fatigue cracks
causod by the vibrations; furthormore, cven 1if cracks dld
form in thesec arocas they would dovelop releotively slowly
and would be readily visible long befors conplcto fracture
of the blade was inninent.

CONCLUSIONS

The following gecneral conclusions fronm this sories of
nechanical tests on X765-T alunlnun alloy scen justiflod:
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1.  The statié,-elasfic, and ultimate tensiie strengths
and the Brinell hardness of X765~T slloy are higher than
those of the other commonly used aluminum alloys.

2¢ The alloy has a ductility and a stiffness that are
only slightly smaller than those of the other strong aluni~
num alloys, such as 255-T, . -

3. The tensile yleld strength of X768-T is very high
in relatiom to its ultimate strength (approximately 0,9 of
the ultimate); whereas, for other aluminum alloys, it is a
much lower prqportlon of the ultimate strength (about 0,6
for the case of 2585-T),

4., Tengion impact tests of notched and unnotched spec-
imens at'~-40" F and tests of Charpy ngtched bar bending
specimens at temperatures down to «70 F indicated that the
ductility and the energy-absorbing properfies of the metal
were not materially affected by & large drop in the temper-
ature of testing bolow room temperature.

5¢ V-notches with 0.01 inch radius at tho root caused
large docreased in clongation in 2 inchoes and in the energy
reguired for rupture in the tension impact Tests. - h

6, The flexural fatigue endurance limits of pollshed
(unnotched) specimens when subjected to ‘completely reversed
stress cycles were found to vary as the shape of cross secé-
tion of the specimen was changed. Tests of rectangular,
specimons gave an endurance limit about 30 percent less than
that obtalned for round spccimens tested in the samoc machino.

7« Tosts of polished roteting-beam specimens in two _
dlfforent nachines gave endurance limits of 21,000 and '
22,000 pounds por squarc inch, respectively, whcn based on
-oOO milllon cycles of stress, Thessec values are somcewhat
highor than the endurance limits of nost other aluminum
alloyse.

Bs Tests of polished specimens on three different mo—
chines operating at different sgpeeds gave endurance limits
ranging from 22,000 to 24,000 pounds per squard inch at
100 million cycles of stress. Hence there was no appreci-
able change in the endurance limit under these test condi-

tions as the speed of testing was varied from 1,750 to
13,000 rpm,

9, The introduction of a V-notch in the test section
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decreased the fatigue strength of the alloy for completely
reversed cycles of stress to only 31 to 41 percent of the
strength of polished round specimens, depending somewhat
on the shape of the member tested.

10. As the mean or stendy stress at the notch was de-
creasod from a temsile (+) stress to a compressive (-)
stress, the total olternating range of stregs that could bo
reeisted by tho notched specimens without causing failure
gradually incrcased from a rango of 9,000 pounds per sguaro
inch for & toensile mean gtress of 14,500 pounds por sguaro
inch to a range of 17,000 pounds por squarc inch for a com-
pressive moan stross of 8,500 pounds por sguarc inch,

11, The notched specimons tcsted with an alternating
stress superimposed on a steady compressive stress offered
a greater factor of safety against complete fracture than
for the other stress cycles investigated., Tho enduraonce
limite for the specimens tested in tho compressive ranges
woero based only on a microscopic cracking as a criterlon of
failure, and the specimens did not fracture even though
stresses considerably above these endurance linits werc re-
peated a large number of times,

Dopartment of Theoretical and Applied HMochanles, .
University of Illinoels, -
Urbana, Illinols, July 25, 1941.
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" QABNE T - STARIC TENSION TESTS OF X76S-T ALIOY

Lﬁnin.udiameter unnotched specimens in fig. 1{a)]

Tield strengtn Elongation Modulus Batio yleld
Ultimate Reduction of strength

Specimen|0.05% offset 0.2 offset| strength [in 2 in. [in 6 in. {of area |elasticity |(0.05% offset)

(2) (1b/sq in.)| (percent) | (percent)| {percent)| (1b/sq 1n.) ti&iﬁ;ﬁf

Bl 62,300 66,odo 7'1-,100 18.0 10.7 45.6 -| 9473 x 10°}  0.826

B2 Bl 500 67,00 72,100 17.0 11,8 79.3 9.72 x10° .895

B3 - | 63,600 67,200 7;9,600 19.5 11,8 6.1 | 9.93 x 108 876

™ 67,000 69,300 | 71,400 20.0 _— 3.5 | 9.60 x 108|  .900

2 62,000 64,600 | 71,400 20.0 S 37.8 | 9.57 x 108{  .g6¢

73 65,500 63.5@0 73,500 20.5 - 39.5 9.58 x 10° .956
Average | Gu,zoo 67,200 | 72,500 | 19.2 | 1. | 0.6 | 9.9 x 10 887

ap specimens tested with a 6—111.. gage length.
T specimens tested with a 2-in. gage length.

b .
The average modulus of alasticity for the three spocimens . ‘bested. with the 6-:.13.4

9,790,000 1b/sq, ‘ln.

gaée length was

€Gg "ON ©®30K TUWOTUYISTL TOVH .
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TABLE II - STATIC TENSILE TESTS OF ¥OTCEED SPECIMENS

[Gage length 2 in. on -in.-dlemeter notched specimens shown in fig. 1(b) ]

Ratio of yiold Ratio of tan- Ratio of Ratia of
strongth at sile strongth elongation | yield
rant of notch ta at root of of notched | atrength
Specimen|¥ield sirengthi yi1eld strongth| Ultimate |notch to ten-|Elonge~ |epecimens | for 0,05%
| (1p /sq in ) of unnotched strength |sile stremgth| tion in |to elonga-| offset to
59 . spocimens of unnotched | 2 in. tion of tensile
specimens unnotched | stremgth
2;§§§; 2%?tet 2%22§t gf?ﬁet specimene | (notched
(1b/sq in.) (percent) gpecimens)
M3 |[85,600 93,000] 1.32 1.38 97,700. 1,34 2.0 0.10 0.876
MY |86,800 | 94,0000 1.34 | 1.39 97,700 134 2.0 .10 .890
N15 |82,800| 90,600 1.28 1.34 9lt, 700 1.30 15 .07 875
Average |85,066 | 92,530 1.31 1.37 96,700 1433 1.83 .09 880
'Struc— | ' ‘
turel :
Bteel —————— 51,800 -—— 1-"(‘6 82,100 1-38 10!0 02}4‘1 0632
(a) ’ '

= , )
Specimone of seme fype es those in fig. 1(b), excapt that s very small redius (sharp corner)
was usod at tho root of the notch.

og

‘O ©40N TBOTUUOOT VOVH
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TABLE III - STATIC TORSION TESTS OF X76S-T ALIOY

[Gage length 2 in. on 0.56-in.~diam. specimen
shown in fig. 1(c)]

Yield “Hodulus Modulus |Ratio of yield
Specimen strength of of _ strength
0.05% offset rupture elagticity to modulus
(¥b/sq in.) (1b/sq in.) | (1b/sq in.}|  of rupture
s1 39,800 63,800 4,02 x 108 0.623
52 38,900 62,000 3.97 x 108 .627
s3 39,800 65,000 4.18 x 10%® .613
Average 39,500 63,500 .06 x 10°% .621




TABLE IV - TENSION IMPACT TESTS 47 71° ¥

g8

I 3 ] % 5 6 7 g )
Specinan Energy to rupture | Foergy Elongation in Elongation | Beduction of
P (££-1b) ratio 2 in. (percent) ratia area, {percent)
Unpotched| Notched | Unnotched| Notched Unnotiched | Fotched Unnotched
‘ (a) (b) (e) (a)
7 X7 772 (I 9.0 2.0 | e 38.0
9 JiF] 80.9 11.0 | wemreem 13.0 240 | e 30.2
12 N9 9k.8 81 | ~mmmee (o) 1.5 | e 37.8
J DI 75.7 - 12.0 ' — | 3.8
AL T p— 7302 |emmmome | mmmee R F-JN oS [RIORIS [ — _38.6
A6 e 694 |mmee | omeee 11.0 | memomme | e 37.8
Average 80.2 8.9 0,111 11.4 1.8 0.158 36.3
Struc-
fural P £ I
stesl 107.5 25.3 0.235 3L.5 4.5 0.143 | e

3 Unnotched gpecimens are thoge without abrupt change in weciion as shown in fig. 2(a).

By notch specimen as shown in fig. 2(b).

®patio of emergy to rupbure notched specimens to emergy to rupture umnoiched epecimens.

8patio of elongetion of notched pecimen to elongation of umnotched mpecimen.

€gpecimen broke at end of gage lemgth.

fSPecimena of steel were 0,200-in.~diam. instead of the 0.250-in.-diam. specimens used for X765~T.

2G5 “of ejoN TEOTUUYDEL VOVN




TABLE ¥ - TENSION IMPACT TRSTS AT ~uo° 7

N " 5 6 | 1 g 9
poctmen | T 0 e | B | (poroent) | e | (oomommt)
Uonobohed | Notched | Unnotched| Notchedl - - |Utmotched| Notched Unnotched
(a) (b) (c) : (a)
8 ¥10 | °38.1 763 | = B | 145 | e 3642
10 M1 ®36.5 | 10,1 O | 240 — 38,0
11 m2 Gl bt Te3 | ~m=mmm 14.0 2,0 R 37.7 .
BlY | emmeme 80.9 - 12,0 | ~ 37.3
Bl5 | - T A e 1145 | mmmmmmm [ e 36,1
;1] S — 80,7 o 11,0 | mmmmeem | e 37.2
Average fe1.1 g2 | o021 121 | 1.8 0,149 1)

Hnnotched specimens are those without sbrupt change in saction ae shown in fig, 2(a).

bY-notch specimen as shown in flg. 2(b).

CRatio of energy to rupture notched specimens to eaergy to rupture unnotched speclmens.
dRatic of elongation of notched specimen o elongation of unnotched specimen.
8Specimen broke at end of gage length.

“Omitting spacimems & and 10, which broke near ghoulderod cnds of specimen, this average ocncrgy
booomos 82.9 ft-1b.

*of ©30N TUOFWUHOST TOVN
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TABLE VI

[Using notched

852

- CEARPY BERDING TESTS

bar specimens shown in fig. 2(ec)]

Temporature Encergy -absorbed
Specimen of test
(°®) (£t~1b)
A7 72 8.1
A8 72 9.6
A9 72 8.6
Averago 72 9.1
Al2 30 8.9
B7 ) 30 8.8
BlO 30 9.6
Average 30 . 9.1
B8 -40 13 .4
Bll -40 11.2
Al -40 12.3
Average ~4.0 12.3
Bg -70 8.6
B1z2 -70 9.1
AlO -70 8.6
Average -70 8.8
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TABLE VII -~ ENDURANCE LIMITS OF UNNOTCHED SPECIMENS'

[Spocimons
3(0), and 4{

0]

COMPLETELY REVERSED STRESS CYOLE

without abrupt change in section, of types shown in fig. 3(ea),

Shape of Dopth of
spocimon specimon

Endurance limits, (1bv/sq in.)

Machino at test at test for for for
section goction
(in.) [10° cycles|107 cyclos|108 cyclos
Rotating centi- '

lover beem Round 0.26 33,000 26,500 22,000
] P -—d0.~-— 14 30,000 2%4,500 22,500
_ Vibratory bending --do.-- .26 32,500 27,500 24,000
- JR— Roctan- .24 24,000 18,500 16,500

. gular :
> 1 P Squarc .25 24,000 20,000 18,500
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TABLE VIII -~ EFFECT OF RANGE OF STRESS ON ENDURANCE LIMITS

.OF NOTCHED SFECIMENS

[Basod on 100 million cyclos of stross,
positivo strosscs aro tonsion; nogativo, comproasion]

Maximum Minimum Moan stress Total
stross in |stross in | in cycle (altcrneting
Typo of stross veriation |C¥clo, Smax|cyelo Smin : stross
rango
’ Smax — Smin
(1v/sq in.) | (1b/8q in.){{1b/eq in.) [{1b/sq in.)
Zero to max. in compres-
gion 0 -17,000 ~8,500 17,000
+4,000 1b/sq in. to max. .
in compression +14,000 -12,000 ~,000 16,000
Completely reversed +7 4500 ~7+500 0] ) 15,000
Zero to max. in tension +13,000 0 +6,500 13,000
+5,000 1b/sq in. to max. )
in tension +16,500 +5,000 +10,750 11,500
410,000 1b/sq in. to max.
in tension : +19,000 +10,000 +14,500 9,000




FIG.1.- SPECIMENS FOR STATIC TESTS.
FIG. 2.~ SPECIMENS FOR IMPACT TESTS.

(a) Static tension - unnotched

0.

. 0.02"R—, 80K
[}
il BE.

&.R-_\T

400" + 0.00!

l'"‘"q."'

— ¥

| - tose”

i {
- T
- y

{c) Static torsion

i
g T -
L _ _ -rl v 0:50- é - ﬂ;
:%'.] h l: ! EJ—L_
- 42.' "'| z l"_——ag“_'l i

-
(a) Tensile impact- unnotched
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(b) Tensile impact - notched
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(¢) Charpy impact bending
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FI1G. 3- SPECIMENS FOR ROTATING-BEAM
FATIGUE MACHINES.

_L ¥R 0.260"
YT I -
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3"
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(a) Umnoiched specimen

I

!

v

%Eo.mo' |
-—t==1- o0.260"
I:————l%'—J_r "

(b) Small, unnotched specimen
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(c) Notched speciman

FIG. 4.- SPECIMENS FOR
VIBRATORY BENDING FATIGUE MACHINES.
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{a) Rectangular, unnotchad specimen . ,
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{b) Round, unnotched specimen
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{c) Rectangular, notched specimen
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Figure 5.- Krouse rotating cantilever beam fatigue
testing machine.

Figure 7.- Krouse flat plate fatigue testing machine.
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Figure 6.- 8mall high-spegd
cantilever beam
fatigue testing machine.

Figurse 14.- Fractured vibratory

bending test specimens
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Figs. 9,13
FIG. .- TENSILE TEST — X76S-T ALLOY.
SPECIMEN No, T1
NGTH - /2 IN. DI
Z
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UNIT STRAIN IN PERCENT :
FIG. 13.-
VIBRATORY BENDING FATIGUE TESTS OF X765-T ALLOY.
Completely Reversed Siress Cycle
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AVERAGE STRESS AT NOTGHED SEGTION - LB. PER S8Q.IN,
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FIG.10.- STATIC TENSILE TESTS OF NOTCHED SPEGIMENS
OF X765-T_ALLOY.
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TORQUE IN IN-LB

FIG Il.- STATIC __TORSION  TESTS — X765-T ALLOY.
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FIG. 12.- ROTATING-BEAM FATIGUE TESTS OF
UNNOTCHED X765-T ALLOY SPECIMENS.

Complefely Reversed Stress Cycle
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¥AOL Technical Xote Xo. 853 Fig. 18

FIG. 16.~ VIBRATORY BENDING FATIGUE TESTS
OF NOTCHED SPECIMENS.
Specimens of Type Shown in Fig. 4{c)
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NACA Technical Note No.852 - - Fig. 17

Figure 1l7a to c¢.- Oracks formed at root of notch in specimens
tested in compressive stress oycles.
(Mag. 40X).



NACA Technical Note No.852 Fig. 18
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Figure 18a to d.- Cracks at end of notch in specimens tested
in compressive stress cycles.
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FIG. 20.- EFFECT OF MEAN STRESS

. % _ ON ALTERNATING STRESS RANGE.
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